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Preface |
In this study, the fatigue behavior of the SiC-MASS cross-ply composite
was investigated at elevated temperatures with loading wave-forms combining the

characteristics of high cycle fatigue and stress rupture. Published test data, two

stress levels, and two temperatures were used to characterize this behavior. A
~ series of tests were conducted to assess the fatiguc lifc as a fimction of wave-form

characteristic, temperature, and stress level. In 'addi_tion, the mechanisms that

control the fatigue life under these different conditions were investigated. 1 '

_ The people 1 would like to thank for their inputs and support are Dr.

Shankar Mall for frequent visits to the laboratory to lend éuppbrt and motivation,

Dr. Larry Zawada for giving me advice on what works and what doesn’t in posf-
mortem analysis, Dr. Amhbny Palazofto and Capt. David Robertson fdr‘ their
comments on the draft, Mr. Mark Derrisb for fielding a prodigious number of
questions from @#duﬁte_ students trymg to work the equipment for the first tifne;
Also, Iwould like to thank Capt. Craig Steiner for the many late night phoné éélls
ﬁ'om thé lab oﬁ the status of my longer tests (“Hcy, your test stq‘)p’ed‘....) and ;'for
the heads-up on iickets to‘ concerts 1 would have otherwise never seen o
Finally, I would like to thank Mr. Ted Fecke of WL/POTC and Dr. Walter

Jones of AFOSR/NA. Their sponsorship made this study possible.
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Abstract

A study was can'ied out to investigate the bchavior of the SiC-MASS,
cross ply, [0/9js ceramic matrix composite when subjected to fatlguc with
loadmg wave-forms that combinc the characteristics of stress rupture and hmh
cycle txugue All tests were conducted under load control using four loadmg.
way e-forms, two elcvated temperatures, and tWo stress le\els |

All loadmg wave—forms were mangular with the ccmbmed loadmg and
unloading 1ates of onc hertz. Four hold times were applied at maximum lpad: 0,
1, 10, and 100 scconds. In order that t?:c results from this study be compared to
the previous smdj, 566 and 1093°C wers chosen #s the test tcmpefamre&

 Published elevated temperature tensile test data from the vprc\.riou‘s’ sﬂxdics
@'ere used to select the two <tress levels. The first, 103 MPa, was selected 'tov
rcpresent a stress level slightly beyond the lineaf region of the mqﬁnton_ic stress-
strafn cuﬁ'e. The sccond, 138 MPa, was choscn as the represcnta'tivé of stress in
- the region of non-linearity of the monotonic stress-strain curve. These étrg’ss levels
were chosen in order to introducc different levels of initial damage during thc‘ ﬁr#t '
‘ futigué cycle. All vtests were done at the stress ratio, R (Gm./Gms) of 0.1. |

The test results were compiled in the form of §-N (stress versus cyi:ks to .

failurev), S-T k(stress versus ekpo.surc time which was computcd as the cycle o

" duration multiplied by the number of cycles at fa:lure) S~S-T (strcsc VCISus stress-

-~ time pmunctct which was computed as t‘\e area under the c)chc Ioadmg cun o

muknphed by the number of cycles at ﬁnlure). modulus degradation, variation of



strain, ax;d daracteﬁstics of the stress-strain relationships during cycling. Froni
the behavior dcmonstratcd by these curves, rctationships' between the different
eﬂ'cc'.; of thc loading wave-form on the fatioue behavior of the tested ceramic
matnx conlpdsite were dcvelo‘péd.. In addition, a postQmoxicm SEM analysis of

the fractured surfaces of all specimens were conducted to assess the fatig‘ué-

‘ dimagc mechaﬁisms

It was found that the S-N data followed the trend that as the hold time,
temperature, or stress increased with all other factors consiaat, the number of

cycles to failure decreased. In addition, a normalization was applied to reflect the

. ‘ amount of time the material was exposed to the clevated temperaturc environment -

under‘str:eSs, and the application‘o‘f this nonmlizati'oh tcchnicjue rbgvealed’tha( the

7 life expectancy of the material depeaded on a synergistic combination of oxidation

duc to temperaturc and cyclic fatigue—both contributed 1o varying degrees

depending on the temperature and stress.




' FATIGUE BEHAVIOR OF A CROSS PLY
CERAMIC MATRIX COMPOSITE SUBJECTED TO
TENSION-TENSION CYCLING WITH HOLD TiME

L Introduction

ackground
- Ceramic matrix compusiles (CMCs) have applications in high temperature

structures where metallic materials are undesirable due to creep or oxidation.

Because of these limitations, the use of CMCs is on the risé in applications sucti

“a protective coverings/coatings (e.g. the protective tiles on the space shiutl

extreme temperature structurcs (c.g. turbomachinery ho
Monolithic ceramic materials all share onc common disadvantagc—ihc
- inability to tolerate flaws due to manufacturing or service hazards. Usder high

14 I‘-tlﬂ'hﬂ‘
3 Wy

>
A A

performance conditions, these flaws can cause stress concentrations th

I

~into cracks which propagate through the structure eventually causing ca:és:rcphfc
railu;e; The development of CMCs has helped to reduce the danger of failure due
to flaws and increased the tolerance of ceramic structures to flaw related damaese,
CMC materials tend to be more r:sistani to failure than monolithic
ccréini"cs due to the addition of ceramic fihers. These fibers arrest the pmpég:'.!ien_

of cracks through the matrix for two rcasons. First, the fibers annly a forc

opposite to the direction of crack opening. This tends to relieve the stress at the

ANRANOCGQALO
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crack tip stoppmg the propagation thmugh the matrix. Second, the fiber provndcs_

a physical barrier that amests the crack propdgauon until lhe stress at the crack tnp‘

becomes great cnough to changc the direction of propagation through the matrix.

“Unlike other composite materials such as fiber reinforced polymeric composites

(PMCs), CMCs do not derive the majority of their strength from the fibers. In

' PMCs, the fibers have a modulus of elasticity that excceds that of the matrix by a

factor of ten (1]. In CML,s. the modulus of the ﬂbers and matrix are of the same

order. The addmon of ﬁbers nge CMCs the toughness that mom’;hlmc cerami es
" Jack. | |

'rhc crmcal nature of the apphcatlon of these advanced matenais filak "’es

complete charactcnzauon a must. The designers must have informatio
pcrtaxmng to not on]y the streng(h of the material, bat also its f"t‘g'u and

toughncss chara_ctcnstlcs Sznce CMCs have appl c*tions‘ Gpically in o

aerospace industry, these characteristics arc especially impstant duc 1o the severe

_ [P ‘ : ‘ md }n\ :.r afater Fantrnee Jminnc » \un‘nh"

: operaung envxronmcms encounte and $ailly {aliGn IMposta oY woigi
: conslderatlons Typxcall}, lhc tests pcrfo.'mcd are mcac:omc loading, cyclic

fatiguc, and stress mpturc at a var:c:y of :cmpcmw:cs and/or atmospheric

condmons. With few cxccptxom these tests are conducted independently. But

thcse do not accuratcly rcprcscnt the Icadx..,, con ditions encountered b y an aircraft
v_componcm For cxamplc. a wing spar will encounter s!rcss-mpmré type loading
_t‘hroughoutvlhe flight due 10 the weight of the airframe it is uppc"..ng. It will

_encounter cyclic fatigue loading due to the mechanica! vibra! ons 'rem !!‘.: engine

LI R



and aerodynamic forces. The temperature will change dramatically with changes

in altitude and flight mach number. But the airframe as a Wholc will not suffer
any of these stresses indeﬁendently--there will always be some combiné(ioh of
these stresses acﬁng on it at any time. Thus, an important addition to the typical
typcs of materiabl tests is one where the different types of loading are combined..

It is possible that the cumulative damage caused to a component under a

period of service is some combination of mechanisms caused by the cnvironment

(temperature), cyclic fatigue, and stress rupture. In the case of a linear'

combination, it can be expressed as the following:
D;=D+DD;, (D

where Dy is the total damage, D, is the damage caused by the environment, Dy is

~ the damage due to cychc fatigue, and D is the damage due o stress mupture. The

long term goal of this study is to establish such relations

step in this dircction, the study with the following objective was conducted.

B. Problem Statement/Scope
‘This objcctivc was to investigate the relationship between the offects of

temperawn: and combmcd stress-rupture/high cycle fatigue loading on the fatioue

life of the silicon fiber (Nicalon) reinforced magnesium alumino-silicate (MASS)

M.




To achic\fe'thc stated objective, a test program was designed. This
involved fatigue tests with a &iﬁngular wave-form with and without hold time at
maximum load and eleQated temperatures.x All tests were conducted under load
| control on an MTS servohydraulic. test mach‘ihc‘ under load control mode. Two
3 clc&atgd tempcratuics, two stress levels, and four loading wave-forms were used

giving a total of sixteen tests. The two stress levels were chosen based on the

- published monotonic tensiie and fatigue loa&ing data from the previous studies
andbth_e‘sé were 103 and 138 MPa. The 103 MPa stress level i§ abdutr 20 MPa
above the fatiguc limit at 566°C ‘[2], and the 138 MPa sires§ Ievel‘is about 66% of
-~ the tcnsxle strength of the matenal [3] Together, these stress leve!s rcprcsent the
reglon just bcyond linearity, and the region well into the non-lincar range
mspccuvcly on the monotonic stress stram relatxonslup Heme thcy introduced
different levels of initial damage. The elevated temperaiures of 566 and, 1093 '
: Celsrus were chosen to correspond with prehous studies [2, }'o
) order to allow for compansons and :o somc exient ¢ provide :.':é verification. The
loadmg rate for all wavc-forms was 1 Hz with & ucld times of 0, 1, 10, and .lu"Q
_seconds. The hold élways occurred at maximum load leve), and this allowed for
| 'v'u‘ying proportions of stress rupture versus cyclic fatigue components in the N
loading. Figure 1‘ Contains an mustra:icn of the 'cad:..g aas‘cﬂ“s ..zed during

the study.




[

' O’mQx 0 second hold

N —/\/\

{6 —

0.5 sec

_Figure 1. anding Wave-forms.

During each test, various data were accjuired periodically and these were |
load Vcrsus’ displacement (later converted to stress _versus_strain vfa the BASIC'
program listed in the Appcndfx), secant modulus, hystcrctic"loop encrgy, and
ﬁxa:iifnun;/nﬁnimum stréin. The frequehcy of data acquisition was at ﬁrsi basbd "
on fatigue life eéti‘mates and later based on the fatigue life teends. The resuit was,
ideally, 20-50 data sets per specimen test. Data were graphically prcaentcd based .
on the normalized life and/or the number of cycles, where apprupnme |

~r

Dxffcrcnt fatxguc life dlagramc i.e. the number of cycles ¢ failure at a

purticular stress (S-N cunc) the time exposure o the ‘Vhig.. temparam‘c'

.......
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effect of stress and time under a stress (S-S*T curve, where S¥T was the area
under the cycling loading curve multiplied by the number of cycles at failure),
were made to study the fatigue behavior of the material.

The degradation of the material due to futigue were ihveétigated‘from the

pldts’ of normalized modulus degradation, loop hysteretic énergy. stress-strain, and

maximunm/minimum  strain §°ersus the number of cycles or norma]ized life.

Trends from these plots were compared to the results of the S-N, S-T, and S-S*T

curves and the results of these macroscopxc compansOns were used to form a

hypothcsns on thc controllmg phcnomcna on the microscopic lev;x
Finally, a post-mortem m:croscopu. analysis was Ccon

and optical microscope on eac h failed specimen to identify the controlling damage

mechamsm and how it varies ‘for dxﬂ’.n:... test ccndiﬁc::s. These observations, -

along with the aforementxoncd data curves, fcr'n..u a complete picture of the

fatigue behavior of the composite and the varied mechanisms that contribute &
the demise of the material under the condition of combined cycling and stress -

: 'rupture loadirig.




II.____ Background

A A Experimental Background

The Nicalon-MAS5 cerami‘c matrix composife is representative of
an emerging class of high temperature materiais used in aggressive environments.
The high temperature perfdnnance of this material has been improved with the
addition ofj potassium borosilicaté glass (BSG) as a second phase glass modifier.
‘The bltironiin’ thc BSG dopaht diffuses into the MASS matrix and the SiC ﬁbcrs

during the manufacturing process and prevents oxygen embrittlement of the

fiber/matrix interfacc--a condition that plagues conventional CMCs. The process

of embrittlement begins with microcracks that form in the mairix 'pm initial

loading. These cracks allow oxygen to infilirate the material, oxidizing the

- and the carbon mtcrface between the matrix and the Gbers causing the streagth of

the mtcrfacxal bond to increase. This is undesirable from the standpsia

weak interfacial bond that allows some frictional slidi

temperaturcs in oxidizing environments) increase 1o a point where matrix cracks
simply propagate through the fibers. In short, the material begins to more like 2
monolithic ceramic [4).

The vast majority of testing of this and other !1!"' materials has been

|  limited to monotonic tensile, high cycle fatigue, and s.r_rcss p' ure, Tés'.i.'ig under
the condition of combined loading has not been accomplished,  But these tests are




important for two reasons. First, it is a more realistic representation of the type of

 loading the material will expect in service. Second, combined loading tends to be

a more demanding condition to place on the material and in a sense, represents a
wors}t-casc sécnario--dcsirablé from the standpoint ' of Acénservativc design
practice. . | |

Larsen (3] looked at the behavior of cross ply Nic‘alpn—MASS ‘at various
levels of BSG doping at both 566 and 1093 °C under conditions of both stepped
and Ac»:vonstant s&ess rupture lbading. At the lower temperaiure, ii was found that

the 5% BSG doped materiai ’achieved'200 hour' run-out at 138 MPa where it was

‘subscqucntly loadcd to fmlure which occurred at approxxmately 165 Lv'Fa. The

stepped stress mpture tests resulted in approxmmtely the | same failure stress, For

« \a

companson, ‘monotomc tensile faulure occurred at approxxmately 2 MP:

thc hngher temperature, 200 hour Tun-Gut Was ac ~hieveu wnh the 5% BSG maiei

ata stress of 117 MPa whcrc, upon rapxd up.aau io failure, the test was terminated
at a stress of 165 MPa. Monotonic :cnsilc failure occurred at 234 MPa. These

results ncprescnzcd a minor mcrcas., in durability over the un-doped materials at

566°C and a significant i increase at the higher temperature where the effects of the

oxygen environment are more pronounced. The fracture surfeces demonstrated

brittle behavior at the cdgcs with increased fiber pullout in other arcas,

Wo:hem [2] examined the thcrmcmcchanica! fatigue (TMF) properties of

scvcral ceramic mamx composites, including cross-ply Nicalon-MASS. It was

found tbat the fatxguc life of thc matcna. dccrcaecd szomf'ca.ﬂ!!y whc.n. the TMF




.wgs out of phésc as coméarcd to the in phase behavior. In a’ddition,vthe uni-
directional Nicalon-MASS specimens tested exhibited twice the fatigue ’!ifc ata
givén loading condition imp'lying"the failure of the material was dominated by the
fibers. Post-mortem analysi.s of *he fracture surfaces showed briftle beﬁavior at
| the edges with fiber pullout ihcreasing toward the ccnier. The area of brittle
| fracture mcréasqd with the out of phase TMF showing an increased cfféct of the
environment or oxygen embrittle ent. This brittle behavior at high temperatures
was also cxperience& with the N 1lon-CAS material tested by Allen [5].

Headinger [6,7] tcStcd an enhanced SiC-SiC material at 1100°C using
three diffefcnt wave-forms: triangular with a frequency of 0.5 heriz, trapezoidal
with a loading frequency of 0.5 hertz with hold times o

- was discovercd that the fatigue »lifev of the material was inversely 1
’b‘old‘time of the wavc-fom Also, the time at maximum stress was applicd as a
‘normalization to the data. This t»ndcd to collapse the data (o one cunve ‘u.mw.;..g ‘
that the fatigue hfc is a strong functxon of the time a! maximum stress.

The Nicalon-MAS5 [2,3,10], Nicalon-CAS ({5,8] and SxC—S c {67

, systems are #ll high :;mpérazure CMCs that have a history of stress nﬁpmrc and

cyclic fatigue tests at elevated temperature, The Nicalon-CAS system has similar

»

rphysical properties from the standpoim of matrix porosity and modulus, A.t..cug..v

._.
cn
-
T
®

the SiC-SiC system has similar mechanical propent

highcr. The fact that the trend of similar 2 dissimilar CMCs tends 1o be the
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" same when comparing stress rupture and cyclic fatigue life implies that a common

mechanism exists.
The aforementioned testing indicates the following trends: first, the

fatigue life of ccramic matrix composites decreascs with increasing stress and

~ temperature. Second, the introduction of stress rupture components into the
‘wave-form decreases the number of cycles to failure while the rime under stress
- remains fairly Constant to the point of failure. Third, the predominant failure

~mechanism is brittle behavior and subsequent micro-cracking caused by oxygen

embrittlement.

" B.___Models and Predictions

‘Researchers have proposed two models for the prediction of modu

degrada(ion due to CyCliC fatiguc {8]. One mode! was bascd on the expenimentar

determination of matrix crack density compared to the .odulus degradation. A

linear function was developed that predicted the change in material modulusasa

 function of matrix crack density. Also proposed was 2 logarithmic corrclation

~ given by:

E/Eo=A+B Log(t orN), - )]

where A is a constant and B is the slope of the line defined by plotting the

: nohnaliz,cd‘ Yougg"s"modinlus versus the log of the number of cycles. The inodc! ,

10
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‘accurately predictedvthe extent of modulus degradation with the limitation that it

not be applied to cases where there is significant damage on the first loading
cycle. Both models were based on _cxpei‘imcntal obscwatibﬁs from Nicalon-CAS
spcci'mens. | | ‘

Because the failure mechanisms in both Nicalon-MASS5 and Nicalon-CAS
are similar, this model may be accurate for both materials. In addition, the
parameter of tifn'c in the éthation implies that the model may be uéed for‘the
combined loading case since the fuiluré of SiC-SiC was found to be a function of

time at maximum stress.




Il __Experimental Proccdure

" The set-up consisted of a servo-hydraulic tect machine with watcr—‘coolcd
grips; a controllcr, heat lamps (each consrstmg of a water/alr-cooled alummum’
. housing with four single ﬁlament quanz bulbs--each rated at ] KW), thermocouple
driven temper’ture controllers (each controllmg one pair of bulbs) connections to
centmhzed cooling water, compressed an' and bydrauhcs, a PC ruming MATE,
written by George Hartman of the Umversxty of Dayton Research rlnstrtute,
| \controlling the data acquisition Thls cquipment applied the tn’angular wave-forms
: (wuh and wrthout hold tnmes) at elevated tempcraturcs up to llOO°C and was used |

throughout the study

. ‘. ; . —Sla—u_o—

An MTS model 244. 12 was used for all the matenal tests controlled by a
_model 458 20 controller The confi guratron was somcwhat umque and warrants
‘mention.  First, since the tests were conducted at elevated temperatures. the
| machmc is orientcd horizontally to relieve the heat load on the grips. Second, the
‘ cooled hcat’ lamps were-‘held in position by a jig ﬁoricatedin the AFIT r_naehine
‘ shop.b 'The Sylvania quartz heat latnps wcrc‘ rated for 1000 Wettc.' k‘For even
hcating, a set of latnpvs‘wcre used--one on eacll side of the speclmen wrth two ‘

- active bulbs. Figure 2 illustrates the test stntion'layout.“
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Figure 2. Test Station.

'_I'he tests were controlled by MTS proprietary soﬁwafé designed for the
servohydraulic tester using 8 pgrsonal computer (PC), a 486 DX2. Approédmnteiy
1000 data points were acqufrcd per data acquisition cycle. Stfain dafa were
acquired through the use of a MTS model 632.53E14 emémsometér. The standard
quaﬁz ex;ensdmcter rods were replaced Qith fonger units to prdvide ’protcc"tion
from the elcvated tcmpcmmr'es- of tﬁe test ‘volume. Thc cxtensometer Q'as

calibratcd at s gauge length of 1.27 cm.

B. ___Test Station Alignment
The aligmhcm was pcrfomicd to ensure that cach test spccimén wbuld_ be

subjccted to an axial load without any bending or torsional componcnts The test




mtion‘ was‘alvig;xcd \mng a square cfogs'-section alumiﬁum calibration spccin.en
~ instrumeated with §ig]\t strain giugcs»f“'o per side. Thesc were configured such
that all bcndmg modes could be detectéd. Aficr verifying the condiiipn of the un-
‘ irisulled calibration sbecimcn by notirg that all the strains were negligible (that‘ is,
not bent or dnmgod) it was mstalled in the tester and ahgned The gnps were
then adjusted until all the smms in the calibration specimen were wnhm 100

microstrains, At tlns pomt, the test station was assumed to be uhgned.

g Mat ggg_gg_ecrip;i‘on
StC—MASS is in an emergmg class of glass ccramuc matem!s with wcak‘ |
ﬁber/matnx bond. 'lhls type of bond is desirable from the standpomt that the |
weckly bonded ﬁbers wﬂl tend to bndge matrix mlcrocracks arresting thexr ’
progrewon ‘l‘hc fibers arc manufactured by Nippon Carbon Company under the’
brand name Nncalon 'ﬂxe ﬁbcrs are made of amorphous silicon carbtdc md are
cppronmatcly 15 um in dume(er ‘nxe matn\ is made of 5% BSG doped
magnesium aluxmno-sahcgte (hence the name SiC-MASS). The addition of this -
dopant improves the dunbility of the coxhpésitc_matcﬁal in oxidizjng environments
at clevated tcmpcratiu& “Table 1 voont‘lins tﬁe ﬁmteﬁal properties of ihc SiC-

MASS composite




Table 1: Properties of SiC-MASS.

Room Temperature Properties of SiC-MASS
F.f [ 200 GPa
V¢ 0.39 _
Vi 0.25
ar 4x10° o
En 138 GPa
Van _ 025
Ol | 2.4x10°
Porosity : - ~1% .
Note: E=modulus of elasticity, V=volume fraction, |
v=Poisson’s ratio, a=coefficient of thermal expansion, i :
subscripts f and m are fiber and matrix, respectively !

D.___Specimen Preparation |

~ The SiC-MASS5 material ﬁ'omi Coming was received as a 15X15X0.3 cm
(approximate) plate th’ét was sectionéd as shown in Figuré 3 | intol ‘thiny
15X0.5X0.3 cm (apprmdmate)‘ specimens before'polishing. Tie specuncm wefe
‘machined by using the Buchler Isomet® radial low speed saw using & diamond

~ blade and Isocut® cutting oil. A gtﬁde was fabricated at the AFIT machine shop ©

. sutting operation for cach specimen began with th
deep pilot cuts 0.2 inches from the edge of the plate. This technique was used in
order to ensure the thin cixtting blade did not deviate from parallel to the edge.
This eliminated the need for cxccssh'é po!ishi::g and further cosured the

consistency of the specimens. The saw is shown in Figure 4, '!'h: ﬁne! dimensions

of the specimcens are listed in Table 2.
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3. Specimen Layout on Master Plate
Figure 4. Low Speed Saw (middle).
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Table 2: S ecimen Dimensions.

Specimen Length Width Thickness Cross-sectional
Number (cm) (cm) (cm) Area (cm?)
24 15 _ 0.447 0.320 0.1430
7 15 - 10.463 0.320 _10.1482
23 15 0.409 0.320 0.1309
130 15 0.479 0.320 _10.1533
25 15 . 0.466 0.320 0.1491 .
27 15 0.461 0.320 101475
126 15 0.461 ~ 10.320 - 10.1475
2 15 0.431 0.320 0.1379
13 15 0.408 0.320 0.1306
17 15 0462  10.320 0.1478
19 . |18 0.445 0.320 0.1424
21 15 0.462 0.320 0.1478
15 15 0.465 0.320 0.1488
16 15 0.461 0.320 0.1475
20 . 15 0.451 0.320 - 0.1443
28 15 0.449 0.320  0.1437

Speéimcn prcparati'on' started with the removal of the lmtml blenﬁshes ‘
along the maclﬁned edge caused by the cutting }iroceés, folloy&cd by a‘-ﬁnish
polishing with successively finer grinding compounds until a ﬁm’§h suitable for
| - reph‘cau'ng Was obtained. A Texmet’b pad with Metadi® 45 micrdn aiamohd
- suspension ﬂuid‘ combined with fluid extender was used fdr the imitial removal 6{‘

edge rdugﬁncss. This initial smoothing continued until microscopic imspection |
revealed a consistent surface. The process continued with Metadi™ 9, 3 2ad finally

1 micron fluid combined with fluid extender ot aa Tamet“ pc!iskir.g ciéth.
.St‘yxcccssivclynﬁncr grades of fluid were applicd when m’msccpit "v‘.z:spec:ic::

revealed a consistgnt surface. The last step in the preparation of sack specimen

17
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was the installation of ductile aluminum tabs using heat resistant epoxy at the

 tensile tester grip locations. This prevented damage to the brittle material due to

the gripping operation. The polisher is shown in Figure §.

E. Eggp_ e_g_m v' ental Procedure

Each test followed a standardized procedure that involved the installation

’okf the specimen in the tester, installation of the thermocouples, zeroing of the

extensometer, ramping to temperature, measurcment of the initial modulus, and

~ initiation of the test regimen.

Specimen installation cousisted of three steps: alignment, gripping, and

' stress zcroing. Alignment consisted of ensuring that the entire aluminum pad was

’ mthm the jaws of the grip and usirg a fabricated gauge to manually locate each

end of the 'specimen at equal positions laterally within the grip. At this po‘ini the B

feft (ﬁxcd) gnp was closed. Because of the bnttle pature of SnC-MASS the grip
. pressure was kept at about 3.5 MPa This pressure was arrived at through some

trial and srror and teprescnted the pressure that would slightly deform the ductile

aluminum pads and no more. The data confirmed that this kpressure was sufficient

to prevent the specimen from slippiﬁg during the sometimes [engthy tests that

~ followed. In addmon all the specnnens failed far ﬁ'om the aluminum tabs

mdxcatmg that the grip pressure caused no s:gmﬁcant pre-test damage Next the

’high prcssure hydrauhc system was brought to operating tcmperature by applymg |

the mangle wave output ofa ﬁmcuon generator to the dlsplacemcnt controller for




Figure 5. Specimen Polisher (right).

a period of ﬁ'e minutes. After the warm-up was complete, control wa§ transferred
to the load controller .and the right (actuated) grip closed. The load was then
manually zeroed. The spccimen was now ready for the installation 6f the
’th‘ermoco;xples. |

The type K (chromel-Alumel) themiocb‘uﬂes were ihstﬂlcd in thé ﬁ;iddle
on both sides of _the specimen held in place with silica adhesivg applied to the

thermocouple weld region. The installation was such that each thermocouple

controfled two quartz bulbs in a heat lam;' on the opposite sidc of the“ specimen,

In addition, the bulbs werc mounted in a staggered configuration in order that the

specimen be heated evenly across the width of the heat lamps (approximately
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7.6 cm). “The cuﬁng of the silica adhesive occurred at 150° C for a period of two

houts,

The extensometer was then zeroed manually at a gauge length of 1.27 cm

_ on the edge of the specimen at room temperature with the f_he.rm-coup!e

approximately in the center of the quarts rods. The p.essu.e on the .-xt....som...erv |

rods was the minimum required to hold them in place on the specimen. The

. speclmen was then brought to the test tenperature,

The process of rampmg up to the test temperature was accomphshed inthe
same manner for both the 566 and 1093° C. Fust, the thermocouples were -

checked by venfymg that both indicated room .empemture (about 27 °C) and were

within about one or two degrees of each other. Then the speclmen was heated ata

‘constant rate of approx:mately three degrees per second After the test

temperatu.re was reached, it was aIlowed to stabxhze for about ﬁve rmnutes before

 the load was apphed. A certain amount of t-ermal strain was introduced at each

‘ te‘st temperannre--o.00070 at 566°C and 0.00140 at 1093°C. These values were

verified before the start of eech test to eenﬁrm that the extensometer rods had not
shppcd Flgure 6 shows a specimen installed in the servohydrauhc tester.

The initial cycle of all tests was apphed manually through the use of the

: BETAS'I’AT prog;ram, written by Brian Sanders, an AFIT PhD student. In a
| - fashion smular to the MATE program, BETASTAT collectcd stress versus strain
~data. The use of tlns program was not redundant. Beeausc of thc initial workload

 on the computer during the stan of the test, the first data acquisition cycle was not

20




Figure 6. Specimen Installation.

accomphshed untﬂ the tlurd loadmg cycle at best. This was not acoeptable as the

analysxs reqmred the mitial (undamaged) modulus of the spccunen. Smce a large

amount of damage occurs during the first loading cycle, the use of BETASTAT

- was essential. vFirst, the load was calculated based on the stress level desired for

the particular test and the specirmen cross section (unique Qﬁer polishing). Then

the heated specimen was brought to the maximum load manually by the operator

via the controller. The rate of load application for varied slightly from test to test -

but was approximately 0.05 Hz.
 To initiate the remainder of the test, necessary data (spemmen dlmensmns
requcstcd data acquisition cycle, maximum stress, hold time, etc. ) was entered into

the MATE program in an interactive fashion. Subsequent cycles were initiéted by

21




the PC via the controller. Displacement limits were entered into the controller so
that at the time of specimen failure, the hydraulic systems in the servohydraulic
: testgr‘would shut down preventihg other than cyclic damage to the specimen

caused by excessive grip displacement.

2




ults a iscussion

This study was carried out (o identify the relationship between an elevated
temperature environment, stress rupture loading, cyclic fatigue, and how each
contributes to the failure of the ceramic matrix composite, SiC-MASS. This was

accomplished through the use of S-N (stress versus cycles to failure), S-T (stress

 versus exposure duration), S-S*T (stress versus total area under the cycling curve

to the point of failure), modulus degradation, stress-strain loop hysteretic energy,
~ stress-strain, and minimum/maximum strain curves.
The data used to construct the modulus degradation and stress-strain Joop

hysteretic energy curves were smoothed as much as possible based on the

| envelope of the raw data in order to reflect the pertinent trends. Aiso, any

nbn  Bmmes ol
+ & I

;:itcnsomctcr slippﬁge WHI be reflected in the raw strain data fiom (e
extensometer and, if necessary, applied to the reduced data o r
trends. These envelope plozc are included in Appendix B for th reader & refer.
The data from the 1093°C/138 MPa/100 second hold test is absent from all but the
‘fatigue life plots. This is due to the test completing before 2 sing

- completed, i.e. the specimen failed during the first cycle. In addition, some of the

other high temperature tests terminated in rapid fashion, resulting in only one or

two cycles of data acquisition. Finally, a post-mortem Scanning "'c"t. “

Microscope (SEM) analysxs of the fractured surface and an cpﬁca! microscopic

survey of the polished edgc were conducted. The results of this examination were
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compared to the mechanical behavior. kThis required a total of sixteen Joad
controlled tests shared between two elevated tempémtures. Table 3 summarizes
the t‘cst. xﬁatrix and ihe oumber of cycleé at failure for each specimen.
First, fataguc tests without any hold txme were conducted at both
| temperatures. Thcn the remaining fourteen tests were conducted--scven at each
temperature. The rate of load application varied wnth ‘the maximum_ stress
achieved which was‘ 20%/' MPa/s for the 1'03.MPa tests and 276 MPa/s fof the 138
‘ MPA tests. Thc initial modulus at 566 and 1093°C was obtainéd oy "Stciner {5}
 and was fbund to be 117 and 97 GPa,rrespectively. This conpares well with the |

monotonic tensile data presented by Ldfbén [31. Buaed on lhc ini fnc»d‘uius

E 566°C the mmal stram rates were approx.mately C. (XX‘:%S and 8.001105 0 a

,mmumum strcss of 103 and 138 MPa, rcs ectively. At 1093°C, the initial strain
rates were approxxmatcly 0.0010 0 001 0/5 {0 a maximum stress of 103 and

138 MPa, respectively. Loading and ualoading were accomplishied at a on¢ hertz
0.1 for all tests.

ati ife
Thc faugue data for tests at both elevate «d :cmpcr"mrcsy was ccmpi}ex} in
several ways Flrst S»\J curves were crca.cd to et an ioitia! comparison of :hé:
7' trends formed by the vanazion of szrcss :md wave- crm Table 4 cc.;'.:au":sy a

o sunimmy of the results.
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~ Table 3: Summary of Test Results: Cycles at Failure.

Specimen | Test Hold | Maximum - | Cycles Fracture Location
Number | Temperature | Time | Stress to Failure | (from center, mm)
CC) ) (MPa) ' :
24 566 0 103 425.299 10
7 1 566 1 103 101,834 5
23 566 10 1103 91,739 6
30 566 100 103 5135 6
125 566 0 ~ 1138 1 1,156 0
27 566 1 138 - 1,195 4
26 .. 1566 10 . 1138 265 6
2 1566 100 138 14 25
13 1093 0 103 20,237 30
17 1093 1 103 6,017 30
19 1093 10 103 216 32
21 11093 _| 100 103 10 28
15 1093 10 138 32 21
16 1093 1 138 18 20
20 11093 10 138 11 20
29 1093 - | 100 138 . il 21
*+* [ ess than one cycle
At 566"C the data followed the trend that the numiber of cyc comipieted
at fauurc vancd mversely with hold time. The maxinium r.umbc of cycles

3

=

complctcd‘a( thxs tcmperature was 425,259 and occurred at a stress and hold time ‘
of 103 MPa and 0 seéon_ds. respec(ively. The minimum of 14 cycles sccumed at a
stress and hold time of 138 MPa and 100 scconds, respectively.

At 1093 °C, the trend was the same. The maximum sumber of cycles was
| 20,237 and occurred ai a stress and hold time of 103 MPa and O #ci:ds, |
; r»e.spectivcly; The minimum was less than one cycle, lasting ap;ircxi:r;a&!" 5

seconds into the 100 second hold segment of the first cycle (for the  purposcs of

AL




‘ 'Téble 4: Summary of Test Results: Exposure Duration.

Stress Temperature | Hold Cyclesat | Exposure Figure
(MPa) CC) Time Failure Time(s) | Number
(s) ' ' Showing
' Fractured
‘ Surface
- 138 - 566 0 1156 1156 52,70
138 566 100 14 1414 53,71
138 366 1 1195 . 2390 54
138 566 - 10 265 2915 55,80
103 : 566 { 101834 203700 56
103 566 0 425299 425299 57,68
103 566 100 5135 518635 58,69
103 - 566 1 10 91739 1009129 59,79 -
138 . 1093 0. - 32 32 60,74
138 1093 1 18 36 - 61
138 1093 100 1 101** 62,75
138 1093 10 11 121 - 63,78
103 | 1093 | 100 10 - 1010 - 64,73
103 1093 10 216 2376 65,76,77
103 1093 1 6017 12030 66
103 1093 0 20237 20237 67,72

©#% Less than onc cycle

N results between the two temperaturcs, the number of cycles to failure decreases
thh xncreased tcmpcratun: holding all other vanab!:s cﬂnctan* F: 7and 8
: xllustratc thcse trends ‘

Fxgure 9 xuustmtes the effect of hold time at both tcmpcm" . It shows

that the effcct of hold time is to decrease thc numbct of cyclcs by the same factor

regardless of the stress or lcmpemture Thls 1mphc< a strong dcncndcncc on !hc o

" temperature of the oxndxznng environment and will bc explored funher.
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Figure 9. Effect of Hold Time On Life.

Expanding on the restlts of Figure 9, plots of the specimen stress versus

the exposure duration to the high temperature envircnment were created from the

p:ise‘nted by Larsen [3] at 1093°C Was also plotted. The exposure duration to ;hé

e:ivironment was defined as the number of cycles to failurc'mul_tiplicd by the

duration per cycle. It was assumcd that the exposure began at the stant of load

application (beyond the minimum specificd by the value of R) and ended when

_the stress returned to the minimum value. For example, if the cycle hold time was

one second with & one hertz ramp rate, the total exposure would be two seconds.

Figures 10 and 11 illustrate the result of this normalization techn'iqt'sc.

. S-N data. ‘flkn addition to the data from the present study, the stress-rupture data
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At 566°C, the S-T data collapses to within a factor of two--a normal scatter
‘in fétigue experiments. In contrast, the spread ix{ the S-N data is approximately
the same at both stresses--two orders of magnitude. This reduction of data spfgad
.is caused by the normalization technique, that is, the introduction of the exposﬁre
time parametcr‘ normalizes the data to account for the effectkof the environment.
The fatigue life of the material at this temperature is almost totaily depéndent on
the c:kpo_sum timé under stress with a negligible effect from the cyélic f-"tigﬁe.

At 1093°C, the reductioﬁ in spfead from the S-N data to ihe S-T data is not
as extensive, In’ addmon the reduction varies with the stress Ievel With the tugucf |
stress experiencing a g:earer neducuon than the lcmer This is due o the larger
contribuu'on of thc‘cyclic fatigue miechanism at this wmperature. At 1093°C, the
interactions at the rmcro-lcvcl will tend to cxpose new material o the effect o
environment on succé.séi\'c cyc!cs, c:wsing the material o rapidly accumulate

N damagc from the cnv:ronmcrt This p.... u mena is demons "”‘3 by the large data’
: sprcad at low stress (whcrc the rumb of c‘"'! is m!ativ-'y great) ond the
 relative collapse at the higher stress (wh:. é.he number of c:,'clcsiis much lass),

Another normalization tcchmquc applied to the S-N data was the

'introduc;ion of a paramc!cr defined as the area !...d r the loading wave-form {in
units of suwcss*;imé) multiplied by the pumber of cycles to failure, This parameter
is a combination of'Stress lc-yci and cxposure duration. The data normalized !o: |

this parameter is presented in Figures 12 and 13. At both temperatures, the data
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from differcnt test conditions did not tend to merge to a single cun;c, imﬁlying
that this parameter was not a meaningful normalization method. |

The faét that the fata;gue life decreases with increasing stress is an cipected
: resﬁlt of all S-N ’curves as Figures 7 and 8’ show. However, the decrease of cyclic
fatigue ’life with hold time implics the effect of a damage meéhanism that is
predominantly time dependent. This hypothesis is supported by the cbllépsc of
the 566°C data illustrated in “igures 10. B.ut thc 1093°C data does not kfoiiéw this
simpic relationship. It appears that the .‘fatigue life in the higher tcmpeféture case
is a function of botf) the exposure tiﬁe and cycling. In addition, the stress rupture
result [3) appcérs to be signiﬂcantiy different than that of any of the hold times.

In fact, close examination of Figure 11 wﬂi reveal ulfxcnﬁg eg ons O
contribution from cyclic fatigue and the environment. ’
increases, the cuers tend to'collap. ¢ as in Figu are 10. But as the stress decreases,
the effect of the cycling increases, causing the data to spread. In addition the data
in Figure 11 have split into three scpara:c curves--one representing the shortes
hold times (0 ahd 1 Sccond). one representing the longest hold times (‘IO and 100
scconds). and one representing the pure § - ress-rupture result. The effect of the.
| “cycling is largest at the lowest hold times (as evidenced by a !ci'.'cr:ég of the
curve), wi:ile the curvé representing the longer hold times is closer 1o the pure
s:ress—rupturé result. ‘This follows légically since the longer hold ‘.xm:‘s c‘sntain ‘

larger stress-rupture componcnts.
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Thé data from the pure'strcss rupture test {3] does not fall on the S-T cﬁn;c
for two reasons. First, the failure of the mat;rial must be a function of both the
cycling and environmental temperature. One mechanism will dominate over the
other as the temperature and loading wave-form vary. Second, the rate of
| “oxidation in most materials is not constant. In the absencc of flaking, the oxidc;
provides a protcchvc layer that inhibits furlhcr oxidation.

It is possible that, in the case of SnC-MASS the rate of ox:dauon follows a

- logarithmic decay as it progresses m a steady state problem. This would explaxn

~whya purevstress rupture specimen will have a longer life than one in which the

identical stress level is applied but cycled. The rate of oxidation (or damage) in

the stress rupture specimeﬁ will slow to nearly zero with time because there will
be ﬁo additional un-oxidized surface exposed as the test progresses.

In contrast, the specxmen expenencmg cyclic fatigue will encou initeT the
'syncrgisttc effect of oxidation occamng at the fibers and continuing t ‘
 larger extent duc to the mcchamcal action of ¢
"xn the exposurc of un-oxidized surfaas to the environment at the interface. In
~ addition, cycling will cause the crack density (o increase over time exceeding that
of the stress rupture specimen, and, presumably, provide add-i:isha! paths for
oxidation to occur.

In summary, an increase in the hold time at a constant stress and

'-‘
ﬁ
=3

~ temperature causes a decrease in th: cyc!cs at failure, T..c damage ufter ini

loading is due to the synergistic effect of the c!:v ted temperature environment

3




combined with the micro-mechanical interactions caused by the cycling. The

extent té which this damage progresses is heavily dependent on tbc tcmperature‘of'
the environment. ~A_t 566°C, the rate of oxidation is low enough so that the
synergistic effect of the cycling and oxidation does not occur to a significant
extent, At 1093°C, the rate of oxidation i’s» much larger, and ’the effect of the”

environment coupied with the cycling has a significant effect on the fatigue life.

This effect is proportional to the number of cycles and decreases with increasing
stress. Finally, the S-S*T normalization illustrated in Figures 12 and 13 resulted -

' in some collapse of the data, but to an insignificant extent. This implied that the |

normalization technique was not useful and, therefore, was not explored further.

B ModulusDc radation

Thc dcgradanon of the modulus durmg cyclmg was also pnattu'l to ananyze o

thc fatlguc bchavnor The data was compﬂed in two ways. First, the ﬁomauzeu
‘modulus was plot(ed asa funcuon of the number of cycles ¢ smpleted on the }

scale. The normalized- modulus was defincd as the modulus of the material at a

particular cycle as shown in Appendix B divided by the initial modulus computed

from BETASTAT. Thcn, an additional normalization was applicd o the

the specimen because of the wide variation in the number of cycles to failure

depending on thc combination of wavc~fcrm and stress applied. The data in this
- case is plotted as a functxon of normalized Yife. The normalized life was defined

as the cycle of interest divided by the cycles at failure, The normatized modulus-




nqrmali?ed hfe plots were created in ¢ .der to compare thc trends of the moduli
ﬁom a group of specimens with a wide v riation in the number of cycles at faifure
at statistically mcahingful points. But because the largest axﬁount of damage
-~ occurs during the first few cycles, the nbrmalizcd modulus-log cycles plots were
created to mcqvér the resolution lost at the beginning of the longer tests by the
former method. The technique used t;) cdmpute.thc modulusk:was thc séca.nt
method and is illustrated ih Figure 14. |

At 566°C/103 'MPa, the rate of modulus degradatioh (change in
- normalized modulus/cycle) is dependent on the hold time, i.e. thc. larger the hold

time, the larger the degradation. At 566°C/138 MPa, the modulus is fully

degraded by the fourth cycle with less depéndence on hold time. In addiiion, the

moduli at the lower stress level tend to degrade over the course of the test, whﬂe

Secant Modulus = (Gmax-Crmin)/( Emax-Emin )
ol‘l’l e L R LRI R
loading curve
c
unloading curve
[\ JEPRE R / {
T T
Emin £ Emax

- Figure 14. Calculation of Secant Modulus.
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: the moduli ot; thé 138 MPa tests 'tcnd to degfadc immediately then stabilize. In all
- cases, the modulus eventually degrades with hold time, 1e the loﬁger the hold
time, the greater the degradation. These trends are illustrated in Figures’ 15 and 16.
At 1093°C, the behavior is different in that. the lower sﬁess shows a
| random ordering of rates of modulus degradétion. Also, albl normélizcd moauli
.are within thek range of 0.86 to 0.94 after the first few cycles. The higher strcss‘ at
1093°C shows the same tcndcncy as the 566°C tests at hxgh stress in that the
modulus fully dcgradcs within the first few cycles then stabilizes. In thxs case, the
stabilizcd value is 0.45 t0 0.5. In addition, the low stress tests show an intcrcsu'ng
| tendcncy fora moduluq recovery as the test progmsea This phenomem was aiao |
- ,obscrvcd by Harris [4] and is due to the accumulation of debris in the »racxé or
possxbly to changes in the bond strength at the ﬁber matrix .mcr"a»e The hig gh
tcmpcralurc modulus degradanons are shown in F:gures H
Figures 19 and 20 group the &orcmcn:z acd tests with sespect 0
. tempemture Plotted in this way, it can be seen that the data separales iato :'.'.;o
A groupmgs--thosc at 103 MPa and xhosc at 138 ...Pa
The normalized hfe plots are shown in Fxg::rcs 21-26. They clearly show
 the overall trend of the modulus for 2 varicty ofheld nmcs and cycles at failure, 4
At 566°C, the 103 MPa tcsts show a definite dependance on hc!d‘ t:'ns as

’ shown in anum 21. In general, as !bc hold time increases, the extent of modulus
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}dcg.ra’dation.}also_in;:rcascs‘ At féilﬁrc. the nofmé!iied moduli for this cdmbiﬁa,tion

| »oi‘ stress ahd }terr’ipcra‘mre vary between 0.7 and 0.9, When the stresé is increased
.- to 138 MPa, the normahzcd modulus stabilizes to approxxmatelv 1.6 after the first -
..fcw cyclcs as shown in Fxgure 22. |
At 1093°C, the 103 MPa tests all show a tendency to recover some of the

’ mbdulus lost after the first few loading cyclcs. The ﬁormalizéd moduli of all hold

times start within a rangc of 0.86 to 0.94 and end within the range of 09410098,
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T&bughout the tests at this tempcrature and hold time, the moduli are within 6-
8% of one anothcf as shown in Figure 23. This small variation implics that the
- degradation of the modulus under the high temperature/low stress condition is not
a function of hold time. However, thé longest hold time of 100 secohds did
v'corrcspond to the largest modulus decrease. At the higher stress, all normalized
m§duli fall within the first few cyclés to 6.45 to 0.5. Aéaih, as in the Vlovw

temperature case, the stabilized value of normalized modulus is not dcpcndcnt
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on | the hold time. Figﬁrc 24 illust;afcs kthc trends at this combination of
‘wmpcﬁtum and stress. | -

When grouped accordmg to tcmpcrature. the data clcarlv ﬂhows that th" :
effect of hold time is sngmﬁcant only at the low temperature, low stress condmon
All other Joading conditions show a minimal dependence on hold time. These
ﬁcnds are shown in Figures 25 and 26. -

‘ The dxffcnng exten: to whuch the S-T data collapsed at 566‘ < as »ompared
o lO93’C (as hown in l’-"nguacs 10 and 11) combined with the dcpcndcnc; of
modulue dcgradatnon on hold time at Jow stress nmphcs a combmcd effect from

thccyclmg mdd\ccnv_:ronment. This differs from the 138 MPa behavior in
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that at thi“s’highcr stress level, the iniiial damage occurs almost immediately (as
eV_idéhc?d by a large drop in normalized modulus within the first fow CyCIES). The '_
'normalizcd modulus then stabilizes at this degradéd value until the point kof
failutc. The initial modulus dcgradation at the higher stress is consistént with kthe"
| hmmng value predxcted by thc total discount mcthod assummg thc 90" phcs have |

failed. The modulus of the undamaged composne is given by
E=l/n*E +m/n*Ej, | 3

wbcre E is the modulus of thc composite; E;_ and E1- are the longxtudmal and

transverse moduh of the lammac respecuvely. n, m, .md {are the total number of




plies, the number of plies with fibcrs running in a direction transverse to the load,
and the number of plies with fibers running in a directicn parallel to the load,

respectively. When the 90° fibers have failed totally, the sccond terim is equal to

zero and,

E=l/n*E_ , “)

In addition, after the density of ‘racks has saturated, or reached a maximum, the

majority of the load will be supported by the fibeis and,

E=U/n*E; %)

oven Eommtlonen

material will become approximately V¢*Ly, where V¢ is the volume fractio
fibers, or 80 GPa This represents a niormalizcd modulus G
temperature.  Assuming the nérmalizcd value remains the same at elevated
‘tempcratu'rcs, this. is in line with | the experimental c.;scr‘;'a!ieas when one

considers that the total discount method assumes all the transverse fibers have
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fepresents a ';worst case” that is appréached by the stabilized modulus of the high
mmperatﬁre/high stress tests. Based on the monotonic tensile tests conducted by
| Larsen (4), the major“knée" occurs at 110 MPa at 566°C and 83 MPa at 1093°C.
This compares well with the cxperimental observations. in that at 1093°C the
| difference in | modulus degradaﬁon Betwcen the two stress levels is more
pronounced than at 566°C. |

- In summary, tae effect of hold time is to increase the rate and extent of
; modulus degradation at the low tempcrature/low stress condmon This implies an
'cnvxronmental effect that dominates over the effect of the cydmg and is

mVlom Fammen d e

rcmforccd by the co]lapse of the S-T data in Figure 10. The Taie | is also dependent

M e dhin semcmmladmioa Sacnd

‘on the rclationship between the location of the “knee” in the mionoionic tensile

curve and the maxxmum stress. Loading to a stress level beyond this point in the
curve will result in the vast majority of the umage occuiting in the first few

cyclcs Aftcr that, thc fangue life i is dependenit on the effect o
. illustrated by the col]apsc of the S-T data in Figures 10 and (at the high stress
only) Figure 11. In addition, an increase in temperature generally caused aa
incrgasé in the rate and extent of modulus deémda:icn and was probably due o
' the low'g:r- “knee” stress.  The 'loné term, high temperature tests tended to
experience an increase in mddu!us after the initial decrease. This was pcsSib!y
due to an accumulation of debris in the matrix »c‘rack‘s [4] combined with the
’oxi.dabti}on and ‘subseq'u_cnt stiffening of the éérmrx fiber/mateix. interface [10). The

- combination: of a relatively large number of cycles combined with the high rate of
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oxidation caused a syncrgistic cffect to occur that tended to spread the high
tcmpcraturc/ldw stress ‘daté on the S-T curve as ‘shown in‘Figure‘ 11. The most
severe test conditions resulted in a stabilized modulus valu_e'}in line with the
prediction based oﬁ the transverse fibers being totally discounted and the matrix

saturated with cracks.

C 0! steretic Ener :

The stress-strain loop’ hysteretic cnergy was also plotted as a function of g

the percentage of the test coinpicted. This parameter is equal to the area traced by
the loading and unloading curvc§ (in units of stress) and ié indicative of the exteﬁt
of damage the material is sustaining on a per cycic basis. | |

First, the results were examined on the basis of temperature. At 556°C,
103 MPa, the data is rather random, but all are within 20% of an *ppr‘xvi mat

mean of 1.35 KPa At 138 MPa, the trend beconics less ambiguous with the

longest and shortect hold times resu.tmg in the greatest and least loop hysteretic

energy, rcspcctwely. Thcsc trends are showa in Figurc 27. This fal
the observations of the moduli reductions. The 103 MPa modulus reducticns
were smau and within 10% of an appro..m te normalized modulus of 0.9 while
the 138 MPa rcducuom were far gre at a nermalized médu!us of
approxi_mmely 0.6. In fact, the 33% increase in stress from 103 MPa 'e 138 MPa
resulted in ad increase of approxin’:a:cly S00% in the value of loop hysterstic

energy and a degradation increase of 50% u! 4 given normalized life,
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Figure 27. Loop Hysterctic Encrgy at 566°C.

At 1093°C. the trcnd'co}ntinucd as shown in Figurc 28 with the diffcrcn'c‘_:cb |

in loop hy;jfefetic cnergy between thé two stress levels iqcréasing to a factor of ’1'0.

| ‘This disproportibnaté Behavior bctw'eeti‘ the incrcase in stress and the

~ increase in Ioop hystcretlc encrgy is due to the extent of crackmg and damage in
the matrix. At the lower stress level transverse matrix cracks have just begun tov

form with the associated decrcase in modulus, while at the higher stress, the

damagé to. the 90° fibers has progressed to the point they can be reasonably

v discoﬁnted ahd‘providc no contﬁbution to the st-rcngth of the matcrial. This i‘s to
be expcctcd since, at the h:ghcr tcmperaturc. 103 MPa falls nght at the “knee”
wnth 138 MPa wcll into the range where thc transverse fibers have fallcd Atv

:566°C, 103 MPa falls below the point whcrc cxtcnswc damagc to the transverse
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Figure 28. Loop Hysteretic Encrgy at 1093°C.

plies will occur (althdugh some cracking will probably take place) while at the
higher tempefature. 103 MPa is right at this critical point. Figures 29 and 30
illustrate the 566°C, i03 MPa and 566°C, 138 MPa trends, respectively. Figﬁres
31 and 32 extend this to 1093°C. o |

| ‘Theb loop hystcrctic energy \‘plots follow the trends of the modulus in thatb
 the vast majority of the damage, or the highest energy, occurs during the initial
cybles 6f the test at the high temperature and stabilizes as the test pmgresses.
Unlike some of the modulus plots, there is no tendency for incrcésc toward the
| end of the test. | This makes éense when one considers that the effc& of oxidation
- may be to i:xcréasc the modulus, and this increase will tend to diminish the arcak

between the ldading and'uhloading curves decreasing the hystcrctic loop cnergy.
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' Figuré 32. Loop Hystcrcﬁc Encrgy at 1093°C, 138 MPa.
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* This is illustrated by fact that while the modulus remains constant or increases
slight]y. the hysteretic loop energy con(inucs to decrease throughout the test as

shown in the aforemennoncd figures which illustrate the trend for 103

MPa/566°C 138 MPa/566°C, 103 MPa/1093°C and 138 MPa/i093°C

respectively. Finally, an increase in hold time usually caused an increase in the
. hysteretic loop energy at all points throughout the test. This trend was ambiguous

at the low stress levels and much clearer as the stress increased to 138 MPa. It is

possible that the lower stress levels display random behavior due to the similar

contributions of the various mechanisms, while the higher stress allowed the
effect of the environment and creep to become dominant. In addition, the effect
- of the environment is to increase the strength of the interfacial bond {causing the

compoSi;c to become more brittle) [10].

In summary, the loop hysteretic energy follows the trend of the modulus

degradation. An incremental increase in the stress level caused a disproportionate

increase in the loop hysterctic energy. Thi’s was duc to the larger value of stress

being beyond the “kncc” of the monotonic tensile curve that represents the point
of irreversible damage to thc 90° plic
- D.____Stress-Strain Relationships
- The load versus displacement data from ¢ e cycles of interest was

convcned {0 stress versus strain data and plotte ted for va '":s cf 0,085 and 10of
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§f the damage to the material was inflicted on the first few cycics bascd on the

increased curve arca. This compares favorably with the trends from the loop

hysterctic energy data.

At 566°C/103 MPa, the curves show the tendency for an appércnt decrease

in slope with increasing hold time, however, the area traced by the loadihg and

“unloading curves docs not change appreciably indicating a fairly constant rate of | .

damage to the material. This is due to the level of stress in relation to the “knee” l

at 566°C. 103 MPa is well below this critical value at the lower temperature, and

- the damage on successive cycles is relatively small. These loading curves are

shown in Figures 33 through 36.
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'rhis‘i.s‘ in contrast to'thc 138 MPa' data which Shﬁws'a large traced arca on

i
the initial cycle, followed by a dbc' asin g area with successive ¢yc
103 MPa data, this data shows a tendency for slope decrease 25 the hod time
increases. This is due to the stress at the " m‘c" eing exceeded, At this .:?.":!, th

90 plies are destroyed on the first few loading cycles (as evidenced by the area

traced by the loading curves), and, after that, the curve area remain ns relatively

i3
ot
12
3
(7]
w
3

constant to the point of failure. These loading curves arc shown in

- through 40.
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At 1093°C, the loading>c’ur‘ves show 4behavi.or that is quite different from
 the lower icmpcrature. The Ibwcr stress level shows the majority of the damage
being done on the initial cycles, while the latter cycles shqw a relatively constant
&aced area.‘ This is due to the failure of the 90° plies_ occurring at a lowef stress as
N the material is degraded at this higher temperature. At this‘ temperatpre, 103 MPa
falls right at the “knee”, and the behavior is similar tb the 566°C, 138 MPa cuwe#
éé shown in Figurcs 41 through 44. At 138 MPa, the arca traced out by the
| loading curves aré consistently largé from the stén tn the end of the test. Sin¢¢ the
modulus is fully dcgraded | within the first few cycles and the effeé( of the
: environment is to stiffen the fiber/matrix interface (mhrbmng shp) the relauvely

large area of the loadmg curves must be duc to creep.

) Pys eresis Locp ’w;u tion
12C4 w*fnwd ts Nerrolizee tite
b 10¢3C
: AOBO-M g _
4 s kod .
130-3 ‘ #,91 'f Zr
) o 4
~~ ] . 1“}/ ,,/i : -
c 899 £ d /! o
S 5
S~ 9 ¥ ;'ﬁ . f
€04 b Y
& 3
v p 1] :
LR I,{ ,‘7 ‘
- ] X
& g I |
3 § 4/ DOooS .!:u 1 . ‘
] b, ‘ Wkt 52 :
203 - d :, m—ats 1308 (diep azes C.O0CS)
A - ‘ P
€ ST TP R T T
¢.co2 0.2¢3 2.C04 €.00= J.666 - QLU7
Sircin :

Figure 41. Loading Curves for 1093°C, 103 MPa, 0 Second Hold.

58




Hys eresis Locp 2rogressun

ks o"‘p:md to Narmnclzes Life
1:)3 M°a
s +od

130

80

Stress {MPa)

ry

rsanvenanlaing
a.

(R e e R e e e A RREE 2 Rl Rt S e R

0.CC20 C. 033(' 0.:1:40 3 CCsD €.00%C 0.0070
Stra'r '

Figure 42. Loading Curves for 1093°C, 103 MPa, 1 Secon

d Hold,

Hysteresis Lao:z Pro reseion
120 - Compaored ts s manlizec I-e

JC93s

“C3 MFo

“Ce ho'd

100

} f“ 1

Slress (.\/Pc)

L0 g
f INen o
F

20

Sirai-

pd

s SO0

Q ARAS TPy TETE LY T T T —pry
0.0020 2C30  0.05¢0 C.Co5% 3.0080 §.007C

59

. Figure 43, Loading Curves for 1093°C. 103 MPa, 10 Second Hold.




-ystereric Lerop Progressor

100

A

120 Cerepared te Normcaized life
. - 10932 ) C
103 N2a
zs
o 803 {)P
QL : p}‘ S
= = 2]
S’ -
€O~
73] =
by z
QL z
_t-; ‘OE
U c
202 ; , [OBOO Cycle ©
Qe LB 25 20 10 20 100 4000 00 2 2 2 g 00 2 TTTTTTTTT ’!rvr'rI
0.2C20 0.C03C 0.0C40 C.CO52 0.02€0 0.3C70

Sirain

Figure 44. Loading Curves for 1093°C, 103 MPg, 100 Second Hold.

'nns fbildx'vﬁ logical‘ly when cnc considers that the effect of creep increases with
increasing stress and temperature. These loading curves are shown in Figures 4..‘
thfoug'h 47. |

To sbmmrizé. the change m slope and in size of the hystc.re.éié loops
agfeevs with ‘tbg observations of modulus degradation and 1Qop hyst.c;ctic energy, -
respectively. | Once again, the stress level in relation to the stress at which the 90".
| | §lic§ ffajl is an important factor in the size of ihe traced aréa pf the loading curves.

The effect of hold time is to decrcase the ‘a.pparem slope of the loading curves at
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the latter stages of the test. This is especially apparent at the low stress condmon

whem the damage to tbe 90° plies has not fully progressed aftcr the first few

cyclcs;'
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Figure 45. Loading Curves for 1093°C, 138 MPa, 0 Second Hold.
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E | Strain Progression
* From the stress-strain curves, the variation of maximum and minimum
"strainv with test progression was ﬁlottcd at points representing 0,0.1,0.2,0.5,0.75,
and 1.0 (where possiblc) of the normalized fatigue life for each specimen. It was
‘ fom;xd fhat; in geheral, the env?lopc of the strains (Emax-Emin) Was consfaht with the
strains increasing initially followed by a stabilization to the point of failure. This
trend was repcated at both tempctaturcs | .
At the 566°C, 103 MI"a loading condition, the strains tend to gradually
. increase over the duration of the test as illustrated in Figure 48. This compares
well with the tchdcncy of the modulus to gradually dccrc'asc.ovcr the same period
as shown previously in Figure 21. When the stress is increased to 138 MPa, the
strains again follow the trend of the modulus. The modulus tends to degrade
,wit,hibn the ﬁrsi fcw cycles, and correspondingly, thé strains tend to increase qu‘un
the ﬁfst few cycles then stabiiize as shown in Figure 45. |
k At 1093°C, the strains again follow the trend of the modulus in that Eme
: -and em,.. both increase within the first few cycles (correspondmg to the 4modulus
dccrcasc) then Stabxhzc as shown in Figures 50 and 5 1. Thc slight i increase in
. v‘modulus cxpcncnccd after the mmal damage at low stress is not clearly mdxcated
. by a corrcspondmg decrease in the strain data. This is due to (he compeung effect
of the mlcrocracks (whlch tend to decrease the modulus and increase thc strain}, |
the pmgmmve oxidation and stiffening of the fiber matrix mterfau, whu.h tiiay

u:nd to increase thc modulus and decrease thp strain), and th‘, accuniulation of
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" debris in the matrix cracks (which will tend to increase the modulus and decrease

the strain). The cxtent of matrix cracking (at a stress level below the “knee”™) is a
functio‘nk of the numbe;' of cycles as fs the accumulation of debris in the matrix
cracks. fhe extent of oxidation at the ﬂbér/matrix interfacg‘ is a function of both
the cycling and thé temperature of the environment as shown by the 1093°C STT
data in Figure 11. The 1093°C, 103 MPa tests were 'most‘ ¢onduci§e toa

combination of the aforementioned mechanisms working in concert causing the

. relationship between modulus reduction and strain progression to become

émbiguous.
Funhcﬁhore, all the strain data show a_tendericy for €max - €min’ 10 remain

constant after the initial damage has been done. Also, €max and Emin tend to

gradually increase. Since the modulus tends to remain constant after the initial

damage occurs, the strain data indicate the presence of creep. In this case, “creep”

is dcﬁncd asa txme dependent permanem deformauon of the matenal--not in the

anse lhat a plasuc dcformatwn is occurring as in mua!hc matenals but instead in
the form of accumulation of various forms of damagc at the microlevel.

Tbe strain data (Ema and €min) Will change with ‘incrcasingkcydcs for a
vaﬁety of reasons. "Fi‘rst. eloﬁgan‘on due to creep effects will be indicated by an

increasc in both Emax and Emin cqua[(y as previously stated. Cychc ‘damage from

: mncm—cracks on the otbcr hand would be mdxcatcd when €qip remama relauvcl)

‘ constant‘wbxlc €nax CONtinues to increase over time (or cycles) in a load controlled

test. This would indicate a progressive decrease in modulus, and, while this




occurred to a small extent at the low stres#/lo& tcmpcrétﬁre combination of 103
MPa/566°C, all other stress/temperature combinations produced an initially large
inodulus decrease followed by a constant or slightly increasing‘ value of
‘nonnalized modulus. |

In summary,‘ the progression of the maximum ahd n\inifnun; strains
follon a trend indicative of créep in fhat E€max and Ein are both slighﬁy increasing
with Em\ - Eain remaining relatively constant. In addition, the dzita’from the plots

of modulus degradation -end support to the creep hypothesis.

E._____Damage Mechanisms

Finally, the fractured surface of the failed spccimens wa§ analyzed u_ndér
the SEM under‘ magniﬁcations of ranging from 100 to 1800. An oblique vi-cw
_' was usedlin all cases. The pﬁrametcrs of inicrest were the extent and trend of the
fiber pullout, the condition of the fibers, and how both related (o a given loading
condition. | |
At 566°C. the Ieng‘th of fiber pullout tenduvd to be constant over the efitire
fracture surfa;c. The éxtent df pullout, however, varied direcily witli t}‘ie'éxposure
fimc ('i‘:cyclésftime/cycle) (o which a specinieﬁ was exposed (o the enviromﬁeﬁt. ,
- The longer the cxpdsurc ‘t_i‘vme. thé less extensive (shorter) tl.e fiber pullout tended
to be. Figdrés 52 tﬁhough .59 show the fracmré surfaces in l*gic?! éu~r v

increasing exposurc time at 138 and 103 MPa as listed in Tablc 4.




- Figure $3. Fractured Surface at T=1414 seconds.
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Figure 55. Fractured Surface at T=2915 Seconds. ‘
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Figure 57. Fractured Surface at T=425299 seconds.




Figufe 59. Fractured Surfuce at T=1009129 seconds.
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'Figurc 63. Fractured Surface at T=121 seconds.
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Figure 66. Fractured Surface at T=12030 seconds.

Figure 67. Fractured Surfacc at T=20237 seconds.
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extreme values of hold time (0 and 100 scconds) corrcsponding to each
combination of stress and terhperature were analyze. for a total of eight cascs. In

addition, fibers at both the edge and the center of cach casc were analyzcd.

Unlike the previously discussed fracture surfaces, the SEM analysis of the fibers

“was not conducted with respect to exposure time (although the exposure times arc

listed for rcfcrencé).
It was found that all fibers chnﬁned from the 566°C tests contained little

or no evidence of oxidation. Only the 158 MPa tests showed any evidence of

damage from the environment. Figures 68 to 71 illustrate the condition of the

fibers at the sur_facé in order of increasing hold time {or the edge and center of

each case.

- Figure 68. Fiber Condition for 566°C, 103 MPa, 0 Second Hold (T=425299s).
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Figure 71. Fiber Cor.dition for 566°C, 138 MPa, 100 Second Hold (T=1414s).

The 1093°C tests, on the other hand, shbwed extensive damage to the

fibers. In addition, the damage done to the fibers near the edge of the fractured

j surfaéc was nfuc_h gfc:itcr than those ncar the center. This is consisicm with the
macroScopic aﬁalysis of thé fracturcd surfaccS. The illustrations of the fibers at

1093°C are arr;nnged in logi;al ordéf of- increasing hold time‘ for thc edge and

* center of each fractured surface case as shown in Figures 72 through 75.
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Figure 74. Fiber Condition for 1093°C, 138 MPa, 0 Second Hold (T=3

2s).

Figure 75. Fiber Condition for 1093°C, 138 MPa. 100 Sccond Hold {T=1
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Additionally, an optical microsc'opic analysis was performed on four of the
specimens--cach  representing  the  ten  second ho!¢  specimen of one
tcmpcraturc/swcés -rc-gi\mc contained in Table 4, It was found iua brittle behavior
was prevalent in the high temperature/low stress regime. This is illustrated by the :
crack in Figures 76 “and 77. The crack appears (o have a preferential dire‘cu'on
that, Qhep m;ngnjﬁ&d further in Figure 77, reveals cracking through the fibers.

This is indicative of a fully embrittled fiber-matrix interface. The high

temperature, high stress specimen shown in Figure 78 illustrates a combined

Figure 76. Preferential Crack Propagation, 10x.
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behavior with a crack passing through one fiber and aroun the next indicating

that the oxidation had not fully developed. Figures 79 and 8J arc both from low

temperature tests and display no tendency for crack prepagation through the

fibers.

In summary, the effect of the environment appears to be independent of

the hold time, while the maximum strc:: has the effect of inducing more initial

damare which may provide added paths for oxidation to occur. When arranged by

expost-e time at each temperature, fracture surfaces illustrate that the extent of

fiber pull-out decreases with increasing time. The exposure timie groupings also
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Figure 79. Low Temperature/Low Stress Non-Brittle Behavior, 40x.
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Figure 80. Low Tcmpcréturc/High Stress Non-Brittle Bchaﬁor, 100x.

» showcd dcpendcncc on the maxxmum stfcss in that thc fm.r h.\gh stress tests
, produccdra lowcr valuc of cxposure duration than the low stress tcm This IS
probably due to (hc initial damage caused by the stress level--the highest produces
hiore initiul» dumage possibly ‘providing additional paths for enyimnméntal

bdamagc. The highest tcnipcraturc prodhccd the largest environmental effect with

~ the addcd feature of incrcasing cxtcr.t toward the center of the fracture surface

wuh brmlc bcha\ ior arouhd thc outside. - Additional cv'dcncc of brmlz. bchavlor

was found from cxanumng the pohshcd cdgc< of rcprcecntatwc *.pcc:mcm !t

was found that the spccxmcns cxh:bmng brittle behavior contained crhcks that

prop.xgatcd through the matrix and the fiber via the oxygenated interface. I\onc of

A o o e+ e o by e B e ot R v £ 2 s




the low temperature specimens exhibited this behavior'\#ith matrix cracks
propagating around the fibers indicating that the fiber/matrix interface remained

un-oxidized.
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V. Conclusions

In this study, the fatigue behavior of SiC—MASS ceramic matrix composite
subjected to tension-tension éycling was studied at two elevated temperatures with
hold time. "The two elevated temperatures were 566°C and 1093°C and were
chosen for the purposc of direet comparison to previous fatigﬁc and stress @pmrc
studies. Two stress levels--103 MPa and' 138 MPa --for the faiiguci tests were
cﬁosen, each inducing different levels of damage in the material. The hold time
occurred at the maximum stress in the 1 hertz triangular wave-form and varied
"fmﬁi 0 (5 phre triangular wave) to 100 sccdnds (to induce a signiﬁc-ant‘fréction of |

stress rupture behavior). The combination of all the test parameters resuited in a

versus cycles to failure), S-T (stress versus expésure duration), and §-5*
~ versus area under the loading wave-form) curves. In Qddmuu. aormalized
modulus, maximum/minimum strain, loop hysterctic energy, and !a..u:..g curves
were plotted as a function of normalized life. Based on these curves, a hypothesis
was formed as 1o the damage mechanisms at work and how they varied with the
loading conditions. Finally, a scanning electron microscope (SEM) was used to
examing thc fracture surface of each specimen, and thereby probuble mechanisms
contributing to thc failure were deduced.

Thc S-N curves revealed that the fatigue life varicd invcrsc!y with the

amount of hold time applied at the maximum stress in the loading wave-form,
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This behavior~ was moSt .pronounccd at the higher temperature, 1093°C. In order
to isolate the environmental effect from that of fatigue, the data from the S-N
curves was normalized with respect to exposure time at maximuni siress (S-T
curves) and a normalizing bpurameter invdlving the stress and exposure time (S-
S*T curves). It was found that the data completely collapsed to a single curve at- |
566°C when the S-T normalization was applied implying that the fatigue life of
the material at this terﬁperature is predominantly a funétion of exposure time. In

contrast, the 1093°C data did not uniformly collapse. Instead, the data ai 138 MPa

tended to collapse while the data at 103 MPa tended to remain spread. This
implied a combined effcct from the cycling and the cavironment that depended on

the stress and the environment. The S-S*T norma
:effect, and thus, the effect of temperature was pursued.

| Both the rate and extent of the modulus degradation depended on the
initial dah*nagc induced by the stress Jevel, and to a lesser extent, the hold time and
témperature; ‘The damagcv (and hence the medulus degradation) a specimen
‘eiperieﬁced was directly related to the proportional limit or “knee” on the
monotonic tensile curve (which was 2 function of temperatre), Cycling ét
strésses that exceeded this critical value resulted in a rapid decrease in modulus
followed by a stabilization at the decreased value to the point of failure, Da.magc
beyond that point was predominantly due to the high temperature environment as

indicated by the S-T curves. Cycling at a stress below the critical value resulted in
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stress was due predominantly to the environment at 566°C and a syncxfgistic
combiﬁation of cycling and the environrhcnt at 1093°C. Hold time had the effect
of further decreasing the modulus at the latter stages of cycling with all other
paramet‘ers‘_equal--cspccially at the 566°C/103 MPa loading condition. In
addition the modulus of the high tempcrature, low stress specimens increased
slightly after the initial decrease indicating an effect of crack bridgixig b debris |
[4] or po.ssibly the effect of the stiffening of the interfacial bond {10} caused by
oxidation. Again, the stress and the environment contributed t6 the failure of the
hawﬁal in differing prbportibns depending on the loading conditioh.

"The loop hysteretic energy followed the modulus trend in that the g

values comsponded to the largest increments of modulus degr:

some of the moduli, which tended to increase over time, the Joop hysteretic energy
~ decreased with mcreaemg cycles up to the point of failure in all cases. On a

 percentage basis, an incremental increase in the stress from a lovel locate
the “knee” to one beyond results in a .dis roportionate incrc;sc in the loop
hystereuc energy. This is due to the added damage resulting from
of the 90° plies. This behavxcro curred at both lemperatures.

 The stress strain curves reflccted the trends from the Joop ..ys:crt’tic energy

( D
[+ ]
‘
&
€2
&
=
i
(4]

D%—

data in that large amounts of cyclic damage were repres
large areas of the hyste resis loop. In the high temperaturefhich stress cases, the
iraced area of the hysteresis loops remained relatively large in the ahsence of 2

corresponding modulus decrease. This was predominantly due to creep since the
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effect of the environment was to stiffen the fiber/matrix bond preventing slippage.
slope decrease in the curves.

Crecp behavior in some of the specimens was indicatcd by the pfogrcssion
of €min and Emsx. Both increased gradually at the same rate with increasing cycles
such that Emax-Emin Was constant. This indicated that a pernlancnt deformation was
éccum'ng within fhc spcéimcn. The incrcasing strains were not accomparnicd by a
modulus decrease in the high ksrtmss specimens as in the 'c‘ase of cyclic damage in
the form of mat.rixbcracks. In the case of cyclic damage, the valuc of minimum
strain remaiﬁs relatively constant while the maximum strain increases with cycles
meMMMﬁMmmaMMummmm“thmmmmgmMMdmwwm
deqreaSe is indicative of cyclic damage and was prcsent‘ only initially at the
566°C/103 MPa loading condition.

_ The exient of fiber pull-out on the ffacture surfaces was a function of both B

the cxposure .time and the temperature. The extent of fiber puli-out varied
inversely with the exposure time at a constant temperature. An increasing stress
level had the effect of teducing the cycles (5nd the exposure time) at failuic

decreasing the damage due to oxidation. This was indicated by the mior
extensive fiber pull-out at the higher siress level. The siress level also had th
effect of inducingananmdunt of initial damage. This is refl
a constant tempcraturc, all the higher stress specimens Siled before the lower

stress specimens independent of the hold timc. In addition, all the high
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temperature, high stress specimens exhibited a fracture surface with brittle
behavior around the edges and extensive pull-out toward the center. This was a
result of the environment penetrating the outer edgcs of the mateiiai and causing
extensive oxidation. The fibers so located failed in brittle fashion at the surface
effectjvely decreasing the cross-sectional area until catastrophic failurc occurred.
Finally, Thu high temperature tests displayed the greatest extrcmes of fiber
p;tllout. “This was due.to the accelerated damage caused by a synergistic :ffect of
the cycling cpmbined' with the environment. This caused the ‘hi‘gh exposure
duration/low stress specimens to fail in a predominantly brittic fashioh and the
 low exposure duration/high stress specimens to fail in a briiile fashion at the edg

and in a non-brittle fashion at the center.
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VI. Recommendations

snde d H

Now that the behavior of SiC-MASS is known at elevaied températuies, it
follows that a modél be created to predict the behavior of this and other 1‘ik.c CMCs at
elevated lenﬁperathrcs in oxidizing environménts. SiC-MASS has a fﬁtigue life (in terms
o‘f time) that can be expressed as a function of a number of variables (in dccreasiﬁg ordér

of imponance.

- Life=f(T, o, h)
, whefc T is the exposure duration, ¢ is the maximum stress, and h is the hold time. It is
possible that a non-dimensional grouping could be made, in a fashion similar to the

aerodynamicist’s Reynolds Number, that would prcflict the behavior of a number of

, CMCs that derive their toughneés from a by-design weak fiber matrix interface.
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Appendix A: BASIC Program

‘Basic Program to Correct Load Versus Displacement
to Reflect Stress Versus Strain

DIM X(2000), Y(2000), XL(2000), YL(2000), XU(2000), YU(2000)

~ INPUT "ENTER DATA FILE (INCLUDING PATH) TO BE MODIFIED TO
REFLECT STRESS VS STRAIN"; F$
INPUT "ENTER NUMBER OF DATA POINTS TO BE READ"; NUM
_INPUT "ENTER AREA OF THE. SPECIMEN (squarc inches)"; AREA
INPUT "ENTER GAUGE LENGTH OF EXTENSOMETER"; L

~ OPEN FS FOR INPUT AS #1
FOR1=1TONUM

 IF1<3GOTO 10

~ INPUT #1, X(1), Y(I)
X(M=XMN*1/L
Y(I)= Y(I) * 1/ AREA

10 NEXT

CLOSE #1

INPUT "ENTER THE DATA FILE (INCLUDING PATH) TO SAVE LOADING
DATA UNDER"; SSL$

OPEN SSLS$ FOR OUTPUT AS #2
FOR J = 4 TO (NUM - 500) STEP 4
XL(J) = X(J)

YL(J) = Y(J)

WRITE #2, XL(J), YL(J)

NEXT

CLOSE #2

INPUT "ENTER THE DATA FILE (INCLUDI\G PATH) TO SAVE
UNLOADING DATA UNDER"; SSU$ |
, OPEN SSUS FOR OUTPUT AS #3
" FOR K = (NUM - 500) TO NUM STEP 4
XU(K) = X(K)
 YU(K) = Y(K)
WRITE #3, XU(K), YU(K)
NEXT
CLOSE #3
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Appendix B: Raw Data
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Appendix C: Fractured Surfaces
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'Fractured Surface T=1414 seconds. 8x.
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: Fractured Surface at T=2915 Seconds, 8x.
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Fractured Surface at T=203700 seconds. 8x.

Fractured Shrl'ace at T=425299 seconds, 8x.
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_Fractured Surface at T=518635 seconds, 8x.

 Fractured Surface at T=1009129 seconds, 8x.
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Fractured Surface at T=36 seconds. 8x.




Fractured Surface at T—=101 seconds. 8x.




Fractured Surface at T=1010 seconds. 8x.

Fractured Surface at T=2376 seconds, 8x.
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Fractured Surface at T=12030 seconds, 8x:
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» Fractured Surface at T=20237 seconds, 8x.
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